In the environment, vanadium-dependent haloperoxidases (VHPO) are likely to play a key role in the production of biogenic organo-halogens. These enzymes contain vanadate as a prosthetic group, and catalyze, in the presence of hydrogen peroxide, the oxidation of halide ions (Cl -, Bror I -). They are classified according to the most electronegative halide that they can oxidize. Since the first discovery of a vanadium bromoperoxidase in the brown alga Ascophyllum nodosum thirty years ago, structural and mechanistic studies have been mainly conducted on two types of VHPO, chloro-and bromoperoxidases, and more recently on a vanadium-dependent iodoperoxidase. In this review, we highlight the main progress obtained on the structure-function relation of these proteins, based on biochemistry, crystallography and X-ray absorption spectroscopy (XAS). The comparison of 3D protein structures of the different VHPO helped identify the residues that govern the molecular mechanisms of catalysis and specificity of VHPO. Vanadium K-edge XAS gave further important insight to understand the fine changes around the vanadium cofactor during the catalytic cycle. The combination of different structural approaches, at different scales of resolution, shed new light on biological vanadium coordination in the active site, and its importance for the catalytic cycle and halide specificity of vanadium haloperoxidases.
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Introduction
In Nature, many organic compounds incorporate halogen atoms, which is often an essential step for the biological properties of halogenated antibiotics, drugs or signaling molecules [1] . Halogenated natural products are most commonly chlorinated or brominated, while iodinated and fluorinated compounds are rare, and all structural classes of chemicals are represented, from simple phenolic and aliphatic compounds, to complex alkaloids, polyketides and oligopeptides [2, 3] . A large majority of the biogenic halogenated compounds have been isolated in marine organisms, especially marine macroalgae, which seem to be important actors of iodine and bromine transfers in the coastal marine environment [4] [5] [6] .
Among halogenating enzymes, haloperoxidases utilize hydrogen peroxide for electrophilic halogenation, via the oxidation of halides according to the following reaction: H 2 O 2 + X -+ H + → H 2 O + HOX, wherein Xrepresents a halide ion and may be Cl -, Bror I -. Haloperoxidases have been classified in two groups, according to the nature of their cofactor, vanadium or heme (iron-containing porphyrin) [1, [7] [8] [9] [10] . Metal-free haloperoxidases have also been described in some bacteria [11] . Since the discovery of the first heme haloperoxidase, in the 1960s, from the terrestrial fungus Caldariomyces fumago [12] a number of other heme haloperoxidases have been characterized [1, 9] . In this review, we focus on the second important group of haloperoxidases, the vanadium-dependent haloperoxidases (VHPO). In marine algae, these enzymes could be involved in anti-oxidant protection and in chemical defense and are likely to have a key role in the biochemical part of the iodine and bromine cycling in marine environment [13, 14] . Starting with their discovery thirty years ago [15] , this review highlights the main progress that has been obtained on the biochemistry and on the global and fine structural characteristics of VHPO, based on molecular cloning, crystallography and X-ray absorption spectroscopy (XAS). They are classified according to the most electronegative halide that they can oxidize, i.e. chloroperoxidases (VCPO) can catalyze the oxidation of chloride as well as of bromide and iodide, and bromoperoxidases (VBPO) react with bromide and iodide, whereas iodoperoxidases (VIPO) are specific for iodide. Until recently, only chloro-and bromoperoxidases from eukaryotic species have been studied, showing a fragmental view of this large enzyme family. Novel types of VHPO discovered in marine bacteria give now some clues to explore new biosynthetic pathways of natural halogenated compounds through in vitro heterologous expression, but also to further Page 5 of 40 A c c e p t e d M a n u s c r i p t 5 study the structure-function relationships in catalytic and specificity mechanisms, and to shed light on VHPO family evolution.
Biochemical and molecular characterization of vanadium haloperoxidases

On the discovery of vanadium-dependent haloperoxidases in the brown alga
Ascophylum nodosum
Interest in peroxidases from brown alga arose in the 1970s, through studies related to the identification of antibiotics from algae reporting that phloroglucinol [16] , and then oligomers [17] and polymers of phloroglucinol units [18] were detected in brown algae. These compounds were further characterized as phlorotannins as reviewed in [19] . It was rapidly hypothesized, that peroxidases may be involved in the formation of these phenolic compounds, unique to brown algae. Despite extraction difficulties, due to the complex materials (anionic mucilages containing alginate and fucans), peroxidase-activity was detected in some crude-extract of brown algae, but the enzyme activity was partially lost during the purification process [20] . Intense work finally led to the isolation of the first vanadium-dependent haloperoxidase from knotted wrack, the brown alga Ascophyllum nodosum (Fucaceae, Fucales, Phaeophyta), called AnI in 1984 [15] , showing that this enzyme preferentially oxidized iodide and also bromide and thiocyanide in the presence of vanadium (V), but not chloride (reviewed in [21] ). The addition of iron and other metal ions had no effect on the activity of the apoenzyme. This algal peroxidase thus was not a hemoprotein, like other iodoperoxidases from plants such as the well-known horseradish peroxidases [22] .
Anecdotal, in the 1970s, vanadium was not considered to be an essential element in biology or in medicine, and until 1984, no scientific study has reported that vanadium could be a natural component of any enzyme. Consequently the paper on the vanadium-dependence of this new algal haloperoxidase [15] was not accepted in the first instance. However, since vanadium accumulation has been reported in ascidians in 1911 by Henze [23] experiments to test the effect of vanadium compounds were proposed by Vilter and coworkers. Indeed H. Vilter had observed an effect when solutions were aliquoted using a Hamilton syringe that brought the solutions in contact with vanadium-containing steel. Inspired by these effects, significant increase in haloperoxidase activity was observed in subsequent experiments using vanadate-Page 6 of 40 A c c e p t e d M a n u s c r i p t 6 containing buffers. At that time, the detection of a vanadium-containing nitrogenase was also reported [24, 25] . In 1986, the vanadate cofactor was finally confirmed for the vanadiumdependent haloperoxidase from A. nodosum [26] and for the alternative nitrogenase in Azotobacter chroococcum [27] . In parallel, several reports indicated that vanadium was indeed an essential trace element for animals [28] , Chlorella [29] [30] [31] [32] , Enteromorpha and Fucus [33] . Since its discovery, AnI was used as a laboratory model enzyme for the understanding of VHPO properties. Numerous further studies were carried out to characterize the V coordination inside the active site of AnI (later called An-VBPOI in this review), based on electron paramagnetic resonance [26, 34, 35] , on 51 V NMR [36] [37] [38] , X-ray crystallography [39, 40] and on XAS ( [41] [42] [43] see below).
Biochemical characterization of vanadium haloperoxidases
Vanadium-dependent haloperoxidases (EC 1.11.1.10) catalyze the two-electron oxidation of halides (X -: I -, Bror Cl -) in the presence of hydrogen peroxide (H 2 O 2 ) by a bi-bi ping-pong mechanism. During the catalytic cycle, the vanadate cofactor, at the resting (V) state, first coordinates one molecule of H 2 O 2 to form a stable peroxovanadate intermediate, which can then react with halide. After halide oxidation, the electron oxidized halogen intermediate "X + ", which is a mixture of different halogen species such as OX -, X 3 or X 2 , may rapidly halogenate organic substrates in a non-enzymatic reaction (Scheme 1). In the absence of organic substrate, a second equivalent of H 2 O 2 is oxidized to form a single oxygen and X -[for reviews 1, 7, 8, 10, 44].
Haloperoxidase in vitro assays
For kinetic studies, vanadium and heme haloperoxidases differ from other enzymes by the production of this very reactive and undetectable intermediate "X + ". Standard assays for the determination of VHPO activity are therefore based on the reactivity of this mixture with commercial chemicals. Phenol red and o-dianisidine were first reported as chemical probes for the detection of VHPO-catalyzed halogenation, but are restricted to qualitative studies [45] [46] [47] . The monochlorodimedone (MCD) halogenation provides a simple assay to determine steady-state kinetic parameters of VCPO and VBPO at acidic pH by monitoring the loss of absorbance of MCD at 290 nm [48] [49] [50] . The triodide (I 3 -) assay (reviewed in [21] ) was used to identify the first VIPO, i.e. specific for iodide oxidation, in brown algae of the Laminariaceae A c c e p t e d M a n u s c r i p t 7 family [51] [52] [53] [54] . However, this assay presents important limits due to the high chemical instability of I 3 in solution. For this reason, a colorimetric assay was later developed for the titration of both iodo-and bromoperoxidase activities based on the reactivity of thymolsulfonephthalein, also named thymol blue (TB) toward oxidized bromide and iodide species [55] . Using this assay, novel VIPO were recently characterized in the marine bacteria Zobellia galactanivorans [56] .
Biochemical coordination of V in vanadium haloperoxidases
Vanadate (VO 4 ) is the prosthetic group of VHPO and its incorporation into the enzyme is necessary for the catalytic activity. Indeed the apoenzymes, produced through dialysis, feature a drastic decrease of activity, while the reconstitution of VHPO with aqueous sodium orthovanadate leads to progressive and full recovery of haloperoxidase activity [15, 35, [57] [58] [59] [60] . The ratio of vanadate per protein subunit was estimated around one VO 4 per subunit, but was lower in VBPOII from A. nodosum [60] . 
Vanadium haloperoxidase -catalyzed halogenation
Because of their biochemical properties, VHPO have received increasing attention as biocatalysts for pharmaceutical and biotechnological applications [44, 64] . A c c e p t e d M a n u s c r i p t 8 [44, 60] , or to recombinant active enzymes, which have been successfully over-expressed in E. coli [65] [66] [67] , in yeast system [58, 59] , or in other heterologous systems [68] [69] [70] (see Table   1 for complete references).
VHPO activities have been detected in a very large number of marine macroalgal classes using MCD or I 3 assays [21] , but the corresponding biochemical data are very limited in early studies because of the difficulties to purify such enzymes from algal matrices extremely rich in anionic polysaccharides and polyphenolic compounds. The problem was solved by developing two-phase extraction procedures, and brown algal peroxidases were obtained in gram-amounts [20] . Up to now, a number of VHPOs have been characterized at the biochemical and molecular levels from red and brown macroalgae, terrestrial fungi and marine bacteria (see Table 1 for complete references). In the brown alga A. nodosum, the two VBPO isoenzymes present at different locations in the alga [61, 71] feature distinct biochemical and structural properties [60] , suggesting distinct biological roles in the algal physiology. In vitro halogenation experiments have shown that purified native VBPOI from A. nodosum catalyzes the bromination of pyrroles [72] or phenols [73] , whereas the second VBPO is involved in the biosynthesis of methyl 4-bromopyrrole-2-carboxylate, a natural product isolated from the marine sponge [60] . Laminaria digitata also features two isoforms of VHPOs, but with distinct halide specificities. One is a VBPO [53] , whereas the other isoform is specific for iodide oxidation [54] . No specific iodinated substrate has been yet identified in L. digitata, but this particular VHPO may be involved in the very efficient accumulation of iodide in external tissues of L. digitata [14, 74, 75] . Another VIPO was recently characterized at the structural level in the marine flavobacterium Z. galactanivorans, which belongs to the bacteroidetes and is associated with both red and brown seaweeds [56] .
In red algae ( A c c e p t e d M a n u s c r i p t 9 signaling molecules. Moreover halogenated compounds from this species control the biofilm formation and growth in Gram-negative bacteria [83, 84] .
VCPO were first characterized in terrestrial fungi, the most studied being that of Curvularia inaequalis ([85] , Table 1 for full references). The fungus C. inaequalis is able to chlorinate aromatic rings of lignin in wood during the degradation process and this action is likely to be due to the presence of VCPO enzymes [86] . The VHPO-based biofilm control has been also explored for medical purposes: VCPO from C. inaequalis has an antimicrobial action on Enterococcus faecalis biofilms [87] .
VCPOs were also identified in marine actinobacteria [68, 88] . Another class of interesting compounds is that of halogenated antibiotics. Interestingly, bromoperoxidase activity was first detected in the chloramphenicol-producing actinomycetes [89] . In Streptomycete bacteria, a VCPO, encoded by the NapH1 gene, catalyzes a highly stereoselective chlorination cyclization reaction in napyradiomycin biosynthesis [68, 88] .
More recently in vitro biosynthetic experiments established the roles of VCPO from the marine bacterium Streptomyces sp. strain CNH-189 in the final chlorination cyclization step of the merochlorin biosynthesis. The existence of a highly regiospecific and stereospecific reaction in this synthesis of chlorinated antibiotics suggests that in vivo the VHPO bind their natural substrates in a highly specific manner [69, 70] .
Phylogenetic relationships of vanadium haloperoxidases
VHPO share a relatively low level of overall protein sequence identity. For instance, the fungal VHPO from C. inaequalis [85] and Alternaria didymospora [90] present a protein sequence identity of 68%, and the protein sequence identities between VHPO from brown and red algae are only in the range of 30 to 40%. At the protein level, only one hundred amino acid residues from the carboxyl terminal regions of the fungal enzymes can be aligned with VHPO from macroalgae, with ~25% of similarities. This alignment bears the two following short domains highly conserved in all VHPO proteins and related to vanadate binding (see below).
(1) PxYxSGHA
(2) LxxxxAxxRxxxGxHxxxD
A phylogenetic analysis based on the alignment of 26 biochemically-and/or structurally-characterized VHPO ( Table 1 ) was carried out, including four sequences of Page 10 of 40
A c c e p t e d M a n u s c r i p t 10 bacterial nonspecific acid phosphatases as outgroup [7, 56] . In this phylogenetic tree ( Figure   1 ) the VHPOs from red and brown algae group together with some VBPOs from Cyanobacteria, suggesting a common origin of all algal VHPOs. Inside the brown algal VHPO sub-group, two branches appear, one including the first VBPO of A. nodosum and the VIPO from L. digitata and the other bearing the second isoform of A. nodosum and the VBPO of L. digitata [56] . The red algal VBPOs form a strong monophyletic group with few cyanobacterial VHPO homologous proteins, one of which has recently been characterized as VBPO in a Synechococcus strain [91] . In the other part of the tree (Figure 1) the VIPO from Z. galactanivorans, the fungal VCPO, including that of C. inaequalis, and the first bacterial VCPOs characterized in Streptomyces species merge as different monophyletic groups. A recent larger phylogenetic analysis allowed the identification of numerous VHPO bacterial homologs in public protein databases, suggesting a larger spreading of VHPO in bacterial lineages and a significant bacterial contribution to VHPO-mediated processes [56] . Based on phylogenetic analyses VHPO could derive from a common marine bacterial ancestor, closely related to bacterial acid phosphatases, and their evolution may have been driven by successive lateral transfer events. Moreover the specificity for iodide oxidation results in a convergent evolution of the divergent phyla of bacteroidetes and brown algae [56] .
Structure/function of vanadium haloperoxidases
3D crystallographic structures and quaternary arrangement of vanadium haloperoxidases
In 1996, Messerschmidt and Wever published the first crystallographic structure of a vanadium dependant haloperoxidase, which was the chloroperoxidase isolated from the fungus Curvularia inaequalis [92] . The overall shape of the monomeric protein has the form of a cylinder of about 80 Å long and 50 Å in diameter (Figure 2A) . (Figure 2A-B) .
A few years after this first structural characterization of a fungal VHPO, structures of a VBPO of algal origin were published (see Table 1 for full references), revealing complex multimerization of these latter ones. Indeed, the first characterized VBPO from the brown alga A. nodosum is arranged in dimers, stabilized by two disulfide bridges covalently linking the two monomers ( Figure 2C ) [39] . These dimers are able to self-arrange in more complex structures, such as hexameric proteins, as shown by gel filtration chromatography results obtained for VBPO from L. digitata [53] and for the second VBPO from A. nodosum [60] . In contrast, the red algal VHPO dimers are not stabilized by covalent bonds but organized in a hexamer of dimers ( Figure 2D ) [93, 94] . This dodecamer is about 150 Å in diameter and forms a cavity in its center. This multimeric complex also presents a high degree of 2-3-point group symmetry that is cubic. Interestingly, so far in all characterized algal VHPOs, the Nterminal helix-bundle is structurally replaced by the C-terminal helix-bundle of a second monomer in the homo-dimeric protein, with the two molecules arranged in a 'head-to-tail' orientation. Multimerization is a biological strategy to stabilize proteins [95] ; consequently, in the case of red algal VHPOs, the high stability to organic solvent and high temperature might be a result of the strong interactions present in these highly symmetric multimers. In VBPO dimers, the surface of interaction represents 20 and 46% of the total exposed surface of a monomer for C. officinalis [93] and A. nodosum [39] , respectively. In contrast, in the red algal VBPO dodecamer, only 12% of a monomer surface is exposed to the solvent [93, 96, 97] .
More recently, 3D structures from bacterial VHPOs ( A c c e p t e d M a n u s c r i p t 12 one in the second monomer, in an anti-parallel manner, and together they create an interface much smaller than that observed in the complex multimeric algal VHPOs.
As explained above, the vanadium containing active site of VHPOs is located at the Nterminal end of helices from bundle 2 in fungal and bacterial VHPOs (Figure 2A-B) , , and two residues within the second ligand sphere of the VO 4 3are provided by the helix bundle 1.
This vanadium binding site structure is perfectly conserved throughout all VHPOs (see below), despite the fact that the algal VHPO lack the helix bundle 1. Indeed the missing helices are replaced by the second monomer in the dimeric forms of VHPOs. Nevertheless, all
VHPOs have roughly the same number of residues, between 450 and 550 amino acids.
Indeed, algal VHPOs display several additional insertions, forming helices and beta-strands that are not present in the fungal or bacterial VHPOs [56] . 
Similarities between vanadium haloperoxidases and acid phosphatases
In monomeric VHPOs the two domains of the same protein, the conserved C-terminal helix-bundle and variable N-terminal helix-bundle, can be superimposed on each other at the structural level (Figure 3A) , despite the fact that no similarity can be detected between the two helix bundles at the level of primary sequence. Interestingly, the 3D structural fold of acid phosphatases, represented through the monomer structure of a non-specific acid phosphatase from Escherichia blattae [98] is constituted by a single helix-bundle motif. Indeed, when structurally superimposing the five-helix-bundle of an acid phosphatase onto monomeric VHPOs, stronger similarity can be observed with the conserved C-terminal helix-bundle Figure   3B ). This structural domain homology to acid phosphatases has been previously identified by the comparison to Ci-VCPO [98] [99] [100] . Together with phylogenetic analyses [56] , these 3D
fold-similarities suggest that acid phosphatases and VHPOs have a common ancestor with an ancestral fold consisting of a single helix-bundle-based core domain, and VHPOs have diverged from this ancestor fold by gene-duplication followed by gene-fusion. In this scenario, the presence of additional ligands provided by the second helix-bundle has led to the fixation of catalytic active vanadate rather than phosphate. However, we can not rule out that ancestral active VHPOs contain only a single helix bundle that have then diverged into two distinct forms, either by dimerization or by gene-duplication followed by gene-fusion. In any case, this evolutionary relationship between phosphatases and VHPOs has some functional consequences: since the phosphate and vanadate binding sites are sufficiently similar, it has been demonstrated that the apo-form of VCPO exhibits phosphatase activity [101] , whereas the phosphatases are strongly inhibited by vanadate [102] . In several 3D structures, bound phosphate was located in VHPOs in a similar manner than the vanadate group, either in the native Ci-VCPO [92] or in the VBPO of Corallina species [93, 94, 103] . This oxyanion is only weakly linked to the N ε atom of the histidine residue, but a systematic comparison of phosphate-and vanadate-binding proteins in the protein data bank shows high structural similarities and similar binding [104] .
VO 4 coordination in the crystal structure of vanadium haloperoxidases
When studying the molecular bases of catalytic properties and halide specificity in VHPO, it is of interest to compare the 3D active site structures of the different types of VHPO, i.e. the fungal and bacterial VCPO, the algal VBPO, and the recently discovered VIPO from Z. galactanivorans [56] . The active site pockets of the different VHPOs display strong similarities, despite the different oligomeric forms of enzymes, and most of the residues tightly coordinating the catalytic vanadate are strictly conserved within C-terminal helix bundle (Figure 4) , the active site pocket being also delimited by the neighboring N- Figure 4A-F) is binding the vanadate, providing the fifth atom in the trigonalbipyramidal coordination sphere of vanadium (V). As mentioned above, the VO4 binding in VHPOs also corresponds to the assumed trigonal bipyramidal transition state of bound phosphate in the phosphatases [104] . All other ligand-atoms of the vanadium-ion are the four oxygens from the prosthetic group. These oxygen atoms are in turn hydrogen bonded by a lysine, a serine, a histidine and two arginine residues that are all conserved, with one exception, viz. the replacement of the histidine (His360 in Zg-VIPO1, Figure 4A ) by a serine in the bacterial VCPO (Ser427, Figure 4C ).
For the VCPO from the fungus C. inaequalis the X-ray structures of both native and peroxide forms of the enzyme have been solved at 2.03 Å and 2.24 Å, respectively [105] .
These two structures have revealed that the trigonal bipyramidal geometry of the vanadate in the native form is transformed in a distorted tetragonal pyramid after addition of hydrogen peroxide, suggesting the release of the apical oxygen ligand and the coordination of the two peroxide oxygens to the vanadium cofactor in the stable peroxide form of the enzyme ([105], see Scheme 1). During the catalytic cycle, at least the histidine and one arginine (His360 and Arg410 in Zg-VIPO1, Figure 4A ) are essential residues for the coordination of the vanadate moiety and catalysis, since changing them into alanine or serine totally switched off haloperoxidase activity in Ci-VCPO [58, 106] and in Zg-VIPO1 [56] . In the VCPO from Streptomyces sp., the serine residue (Ser427) seems to play a similar role, as its mutation in a histidine residue abolished enzyme activity [68] .
Another remarkable difference in the bacterial VCPO and in all algal VBPOs is the presence of an additional histidine, in the proximity of Lys341 (An-VBPOI numbering, Figure 4D ) that is replaced by a phenylalanine in the fungal VCPO. Based on the first few available crystal structures [39, [92] [93] [94] 103] , it was postulated that this single residuedifference between vanadium-dependent chloro-and bromoperoxidases, i.e. a Phe397 in VCPO ( Figure 4B) replacing a histidine residue in VBPO, was responsible for the difference in halogen specificity [66] . Previously, the mutation of the arginine residue (Arg397) in the red algal VBPO from C. pilulifera (Figure 4F) has conferred significant chloroperoxidase activity to mutant enzymes R397W and R397F [94, 107] . This residue is replaced by a tryptophan residue in the fungal VCPO. However, the more recent crystal structure of VIPO, having identical residues in the first coordination sphere of the catalytic vanadate as in VCPO [56] including this phenylalanine, showed that the structural factors governing the oxidation potential of halides in this enzyme family is much more complex. In this latter study, sitedirected mutagenesis of residues located in a second sphere around the active site highlighted A c c e p t e d M a n u s c r i p t 15 that some of these could equally well influence the halide-oxidation potential of this enzyme, and even the specificity of the enzyme. Indeed a slight bromoperoxidase activity was obtained in two enzyme mutants, one mutated inside the active site (Ser358, Figure 4A ) and the other mutated on a tyrosine residue located outside the active site. The current hypothesis [7, 8, 55] explains the change of catalytic properties and halide specificity by modifications of H-bond coordination and redox potential of the VO 4 moiety, rather than selective halide binding.
Recent data suggest that this redox potential is finely tuned locally, but also by remote amino acid residues, belonging to the second and third sphere of VO 4 coordination [56] .
Biological Vanadium K-edge X-ray absorption spectroscopy
Introduction to BioXAS and other biological Vanadium XAS results.
X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is applied to study the coordination geometry of transition metals in enzymes, as well as changes of geometry during catalysis [108, 109] . The method can also be applied to non-invasively study halogens in whole organisms [14] , parts thereof [110, 111] , or isolated enzymes [112] . The X-ray absorption spectra of dilute systems (mM in metal) like biological samples are usually measured in fluorescence mode; for vanadium this is relatively difficult compared to other 1 st -row transition metals, because there is less fluorescence and the K-edge is at low energy, a range where air absorbs significantly.
Some examples of vanadium K-edge spectra are shown in Figure 5 .
With monochromatic synchrotron radiation, it is possible to scan the X-ray energy around the so-called K edge of an element, for example vanadium (V). At the absorption edge, the X-ray energy corresponds to what is needed to liberate a 1s electron of V into the continuum. The edge energy shifts to a higher value if the V is in a higher oxidation state.
There is usually some fine structure present in this 'X-ray Absorption Near Edge spectrum'
(XANES) which can also be represented as the first derivative in order to highlight subtle features (Figure 5A-B) . The fine structure is due to the electron being excited to unoccupied higher orbitals with energies just below that of the continuum; the intensities of such transitions depend on their being allowed or forbidden, which in turn depends on the metal ion's coordination geometry. Above the edge, additional features, the so-called 'Extended X- Figure 5C ) are observed, which are due to X-rayinduced electron diffraction phenomena and can be interpreted in terms of distance, number, and type of the surrounding ligands. The EXAFS is usually displayed with the wave vector k (Å -1 ) as energy axis, and in k 3 -weighting to compensate for the decay in amplitude at higher k.
The EXAFS amplitude depends on the coordination number but this can only be determined with limited accuracy (± 1) because of its correlation with the disorder phenomena, described in the so-called Debye-Waller factor, that are responsible for the aforementioned decay in the amplitude. Fourier transformation (with phase correction) of the EXAFS (FT, Figure 5D ) to be taken into account in the simulation. The interpretation of EXAFS is performed by means of simulation on the basis of parameters of structural models which are iteratively refined to give the optimum agreement between theory and experiment as expressed in a fit index.
Biological vanadium accumulation
Because of the relatively high concentration requirements it is not surprising that the first example of a study of vanadium in a biological context was on organisms that actively accumulate vanadium from seawater, in the form of vanadate (V(5+)O 4 3-), viz. of the aforementioned ascidians [23] , a class belonging to the phylum of tunicates [113] . The XANES of these organisms, when compared to that of suitable model compounds, showed that the vanadium was predominantly in the V(3+) state in an octahedral environment, while the EXAFS revealed the nearest neighbours to be oxygens. In subsequent studies, the V XANES features were used to quantify the amounts of V(3+) ions associated with the biological catecholate-based chelator tunichrome, and water and sulphate, as well as mixtures of the latter in various species [114] [115] [116] [117] [118] , and a detailed mechanism for the reduction of vanadate to V(3+) was proposed [119] . In this particular context, the role of sulphur in the vanadium metabolism was also investigated with sulphur K edge XANES [120] [121] [122] . Micro-
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A c c e p t e d M a n u s c r i p t distribution of V was established in living ascidian blood cells by X-ray scanning microscope in fluorescence mode and local XANES spectra revealed V(3+) and V(4+) in vivo [123] . With X-ray tomography in combination with X-ray fluorescence, three-dimensional maps of the element distribution in objects and biological specimens such as the diatom Cyclotella can be obtained [124] . With scanning X-ray microscopy, it is possible to record short ranges -XANES rather than EXAFS -of X-ray spectra at the edge of an element, and combine them with the image, to map the distribution of that element's oxidation state. This is an interesting approach for vanadium because of the sensitivity of its XANES to oxidation state and ligand geometry. In applications [125] [126] of this technique in relation to the aforementioned biological vanadium accumulation, a scanning X-ray microscopy study of cryo-fixed specimens of one type of blood cell -the so-called signet cell -from Ascidia sydneiensis samea , it was shown that the reduction of V(5+) from seawater proceeds in 2 steps, viz. to V(4+) in the signet ring cells, and to V(3+) in the vacuole. One other occurrence of vanadium in a biological context, besides that of V in haloperoxidases, is that in aforementioned vanadium-dependent nitrogenases [28, 127] . The XANES and EXAFS at the V K-edge of the first V-containing nitrogenase from A. chroococcum resembled very much that of a VFe 3 S 4 cubane cluster [128] .
Vanadium and other edge EXAFS and XANES of vanadium haloperoxidases
Early vanadium haloperoxidase XANES results
Studies on the vanadium-containing haloperoxidases started with XANES of the brown alga A. nodosum bromoperoxidase [41] . The prominent pre-edge peak at 5469 eV ( Figure 5A) is ascribed to a 1s-3d transition which is dipole-forbidden and absent in octahedral VO [129] but very strong in tetrahedral vanadate (Figure 5A) . For the native bromoperoxidase of A. nodosum, the feature is somewhat weaker than for vanadate ( Figure   5A , [42] ) which is consistent with the trigonal bipyramidal coordination symmetry established in the crystallographic study [39] . A c c e p t e d M a n u s c r i p t 18 reduced in intensity [42] . Addition of 4 molar equivalents of H 2 O 2 had no effect [42] but a significant shift of the edge to lower energy and a subtle increase in the pre-edge feature were observed with 15 molar equivalents [43] . These changes point respectively to an increase in average V-ligand distance and to a change in symmetry, but not to a change in oxidation state for V. Accordingly, a mechanism was proposed for VHPO-based bromination (Scheme 1)
without valence change for V nor coordination of Brto V, in which coordination to V(5+) activates H 2 O 2 for attack by bromide, forming the hypobromite which is the halogenating agent.
Vanadium haloperoxidase EXAFS
The first haloperoxidase EXAFS was obtained for the native and reduced forms of A.
nodosum VBPOI in a k range of 3-10 Å -1 [42] at a time when no crystallographic information was yet available. For the reduced enzyme, one short (1.63 Å) and 3 medium (1.91 Å) V-O distances were identified, along with two V-N distances of 2.11 Å, which were inferred to belong to imidazole moieties of histidine residues on the basis of advanced EPR (electron spin echo) studies [43] , and simulated as such. The results for the native enzyme were similar, but most distances (1.61, 1.72, and 2.11 Å) were shorter, and the more remote atoms were not explicitly assigned to imidazoles but as N or O. In a later study [131] , the distance information was used in a Bond Valence Sum Analysis (BVSA) [132] , using known correlations between the valence, ligand distances, and ligand geometry of ions, to correct the coordination number initially found [42] from 6 to 5. If one considers one of the imidazole or N/O ligands from the initial interpretation to be redundant in the 5-coordinate geometry, this outcome is consistent with the crystallographic results, first for the VCPO from the fungus C.
inaequalis [92] , later for the A. nodosum VBPO [39] , that vanadium in haloperoxidases is present as vanadate, bound to the enzyme by coordination to a single imidazole residue.
Although the imidazole ligand was recognized in the EXAFS of reduced enzyme on the basis of the EPR evidence [133] , it was almost overlooked in the native enzyme [42] . (Figure 5D ). Alternative interpretations have been put forward for the remote haloperoxidase shells, such as a shell of protein heteroatoms that are H-bonded to the vanadate [135] , and, by analogy to the archaeal tungstate binding proteins [136] , throughabsorber multiple scattering involving the axial ligand donor atoms in the trigonal bipyramid, which would appear in the Fourier transform at the sum of the V-N(imidazole) and V-O(axial) distances [137] .
It was concluded from V EXAFS taken over a relatively short range (up to k = 7 Å -1 ) of the A. nodosum VBPOI in the presence of excess (3 molar equivalents) bromide that there is no direct V-Br interaction (expected distance 2.45 Å) [138, 139] . This was corroborated by the absence of such a contribution in the complementary Br EXAFS [140] , which instead indicated the presence of Br covalently bound to a low-Z atom, then interpreted as due to a putatively reactive Br-O(Ser) intermediate. It was later found [112] that the enzyme actually contains endogenous bromine in the form of bis-brominated (3,5-dibromo)-tyrosine residues, presumably due to exposure to both Brand H 2 O 2 before or during isolation. Br EXAFS also revealed the presence of bromine incorporated in other amino acids, possibly tryptophan, in the VHPO of L. digitata [110] .
As mentioned above, the crystal structures of the native [92] and peroxo [105] forms of the C. inaequalis VCPO indicated that two vanadate oxygens are displaced by the peroxide which is bound in a side-on fashion, and that the geometry changes from a trigonal bipyramid with the imidazole-N in one of the apical positions to a square pyramid with an apical oxygen (see Scheme 1 for a schematic representation of the structures, in which the ellipsoids indicate the equatorial planes). While the XANES of A. nodosum VBPOI showed a significant shift to lower energy with a large excess of H 2 O 2 (see above) [43] , indicating a longer average Vligand distance, the corresponding spectra for C. inaequalis VCPO with 4 molar equivalents of H 2 O 2 were rather similar. The EXAFS of both enzyme forms was also measured, compared, and analyzed [141] in an approach in which the geometry of the imidazole was constrained [142] , i.e. the atom-atom distances within the ring were kept in an idealized geometry, so that the whole imidazole was treated in the refinement of the simulations as a unit. The EXAFS distances agree within 0.1 Å to the crystallographic ones for the native enzyme, but in the peroxo form the crystallography seems to overestimate the V-N and two of inaequalis VCPO XANES results [141] .
Outlook: merging XANES and EXAFS
As mentioned in the introduction, the XANES region of the X-ray absorption spectrum is usually treated as spectroscopy (interpretation in terms of transitions) and the EXAFS as (X-ray induced electron) diffraction. The EXAFS is simulated with 1-dimensional structural models (radial distribution function independent of the arrangement of the atoms in space) or sometimes 2-dimensional (multiple scattering within an imidazole ring) or 3dimensional models (through-absorber multiple scattering involving linear arrangements of absorber and 2 ligand atoms). It has been recognized for some time that it should be possible to simulate the XANES on the basis of the same structural models, but defined in 3 dimensions, that account for the EXAFS; there is, however, as yet no convenient approach for the simulation of both regions of the spectra. The examples given above [42, 141] show that it is possible to simulate EXAFS data on the basis of the so-called 'muffin-tin potential'
calculations, in which the atoms involved are potential wells separated by an area defined by a common interstitial potential. There is however a growing insight [142, 143] that such an approach is too crude to reproduce important features in the XANES, and that the more complex full-potential finite difference method [144] has to be applied to this region. The challenge now is to interpret both ranges of the spectrum with the same underlying theoretical model. One could go back and forth with one or more structural models between simulations of the XANES and EXAFS regions of the spectra, adjusting distance information in the EXAFS and 3-dimensional information in the XANES, until a consistent structural model has been reached. In view of the still increasing power of computational approaches such as the ADF Density Functional Theory package [145] , it is also tempting to generate computational structures which can be validated/adjusted in both the EXAFS and XANES part of the X-ray absorption spectrum. and dioxidovanadium (V) stabilized by organic molecules [45, 152] . However, recent studies [56] have shown that the influence of the protein stabilization of the active center goes beyond the first coordination sphere. At the long term, the biochemical and structural characterizations of known and supplementary VHPOs will be necessary, in particular at very high resolution (beyond 1 Å) and possibly using neutron-diffraction to precisely locate proton A protein maximum likelihood (PML) tree was constructed using the multiple alignment of 26 eukaryote and bacterial VHPOs characterized at the molecular and/or biochemical levels and of four Bacterial Acid Phosphatases as an outgroup. 173 informative residues were used for PML analyses and bootstrap values (500 replicates) are provided for main nodes. The NCBI accession numbers of proteins are indicated, except for VBPO from Plocanium cartilagineum (Pcar) and from Delisea pulchra (Dpul) (see [80] ). The scale bar represents a difference of 0.1 substitution per site. When characterized at the biochemical level, the VHPO specificity towards halides is mentioned and refers to the legend code, i.e. iodo-(VIPO), bromo-(VBPO) or chloroperoxidase (VCPO) activity. The available 3D structures of VHPO are indicated by a star. Examples of halogenated products are -, -and -snyderol and (+)-3-bromo-8-epicaparrapi oxide [80] , bromofuranone [80] , napyradiomycin [68] , merochlorin [69, 70] , bromopyrroles [72] and bromophenols [73] . 
Conclusions and future prospects
